Purpose of review This review describes some of the advances made over the past year in NMR-based metabolomics for the elucidation of known and unknown compounds, including new ways of how to combine this information with high-resolution mass spectrometry.
INTRODUCTION
The field of metabolomics has become a key discipline to study metabolism of living organisms in a wide range of contexts, including health and disease [1] . Many metabolomics studies seek information about both the identity and the quantity of dozens to hundreds of different metabolites present in a biological sample.The two main analytical techniques in metabolomics are mass spectrometry (MS) and NMR, which both allow the detection of many different metabolites directly in complex mixtures with little or no prior purification [2, 3] . Although each of the two techniques has been successful in its own right, only very few applications make synergistic use of the complementary information they provide. This short review describes advances made over the past 12 months in NMR-based and MS-based metabolomics with an emphasis on how these two powerful techniques can be synergistically combined.
MS and NMR have played a dominant role since the early days of metabolomics and their complementary strengths and limitations have been recognized. NMR is able to detect metabolites present in solution at concentrations larger than 1 mM, with little or no prior knowledge [4] . A hallmark of NMR is that it provides outstanding reproducibility between different NMR spectrometers and users. MS, on the other hand, is bound to the detection of ionizable metabolites that enter the gas phase, which can be detected at significantly lower concentration than NMR (pM -nM) [5] . MS provides superior performance for the analysis of lipids whose NMR spectra tend to have limited resolution [6] . Sample preparation protocols for both NMR and electrospray ionization (ESI) ion source mass spectrometers either with direct infusion or liquid chromatography-mass spectrometry (LC-MS) are fairly straightforward provided that the metabolic material is dissolved in a suitable solvent. Sample preparation for gas chromatography-mass spectrometry (GC-MS), on the other hand, requires the derivatization of nonvolatile metabolites. Apart from LC-MS and GC-MS, capillary electrophoresismass spectrometry [7] and ion mobility-mass spectrometry [8] are other MS approaches that are used for the analysis of solution-state metabolomics samples. MS and NMR are able to work with semisolid samples, for example for the analysis of intact tissue. Metabolome profiling of semisolid samples is often performed by using high-resolution magic angle-spinning-NMR [9] and MS-imaging [10] . MS and NMR data derived from the same sample provide complementary information. We review recent advances toward this goal with special emphasis given to the approaches that aim to solve common challenges of NMR-based and MS-based metabolomics.
Identification of biomarker metabolites for disease diagnosis is one of the most important applications of metabolomics. To date, a significant number of potential metabolite biomarkers have been discovered by profiling the human metabolome [11, 12] . Another critical advancement in metabolomics is the comprehensive analysis of human biofluids, such as serum and urine, by combining NMR, MS (GC-MS, LC-MS, inductively coupled plasma mass spectrometry) and other analytical techniques (e.g. liquid chromatography-ultraviolet spectroscopy) [13, 14] . These efforts resulted in the identities and absolute mean concentrations of hundreds of the most abundant metabolites in these biofluids with similar efforts applied to the metabolomics analysis of tissues, organs, and plants. Such information is highly valuable for modeling human metabolic pathways and fluxes [15] . Moreover, it provides important input for establishing interlaboratory consistency and transferability of metabolomics results. Comprehensive evaluation of major biofluids demonstrated large metabolome diversity between different human biofluids. For instance, unlike human urine, human serum turned out to consist of a variety of different lipids. However, there are still many metabolites in biofluids whose identities and quantities remain unknown. Missing information will continue to be filled in with further advances made in analytical technologies. In the following sections, we review some of the major advancements in NMR and MS in the light of their contribution to further extend the number of identified and quantitated metabolites in biofluids.
In MS-based metabolomics, the conversion of the experimentally detected MS signals into metabolite identities, i.e. compound names, represents a key step. A crucial development has been the availability of mass spectrometers that provide mass accuracy extending into the sub-5 ppm regime, wherein the measured mass of a compound ('accurate mass') often permits the unambiguous determination of its elemental composition, i.e. molecular formula. Metabolite identification is then typically performed by electrospray ionization-mass spectrometry (ESI-MS) through querying the accurate mass against a MS metabolite database, sometimes together with the retention time or with MS/MS fragmentation information [16] . For larger metabolites (>200 Da), mass accuracy becomes increasingly critical for the determination of unique molecular formulas. Ultra highresolution MS instruments, in particular Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS), can reach a resolution in the sub-ppm range [17] . As in NMR, the resolution of an FT-ICR MS is proportional to the magnetic field strength, with the first 21 T instruments commissioned last year at the National High Magnetic Field Laboratory (Tallahassee, FL, USA) and the Pacific Northwest National Laboratory/Environmental Molecular Sciences Laboratory (Richland, WA, USA).
ADVANCES IN NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY
One-dimensional (1D) 1 H NMR is the most common approach in NMR-based metabolomics allowing analysis of hundreds to thousands of samples in
KEY POINTS
Rigorous analysis of metabolomics samples remains a challenge. New hybrid approaches that combine the powers of high-resolution NMR and mass spectrometry show significant potential to push current boundaries.
Approaches that combine NMR and mass spectrometry are distinguished using five different categories: hardware-based, chemical-modification-based, statisticsbased, stable isotope-based, and combinatorial cheminformatics-based approaches.
Routine metabolomics analysis has been limited mostly to 'known' compounds, i.e. those that are contained in databases. A new combinatorial cheminformatics-based protocol has been introduced, which uses NMR data as an effective filter to identify one of the many metabolite structures belonging to each accurate mass determined by high-resolution mass spectrometry promises complex mixture analysis beyond the reach of current mass spectrometry and NMR databases. a short period. However, the identification of metabolites in complex mixtures solely based on 1D 1 H NMR is a challenge because of peak overlaps due to the crowdedness of the spectra. Substantially improved spectral resolution can be obtained by going from 1D to two-dimensional (2D) NMR experiments requiring longer experiment times [18] . In 2D experiments, spin magnetization is transferred between different nuclear spins, which can be depicted in the form of 'cross-peaks' by plotting the spectrum against two frequency dimensions. The chance of peak overlap is thereby significantly reduced. Two of the most commonly used 2D NMR experiments in metabolomics are the 2D H spins within the same molecule or spin system. The TOCSY experiment provides valuable information about which resonances belong to the same molecule, which is hard to obtain from 1D experiments alone and which is beneficial both for the identification of known compounds and for the elucidation of the structure of unknown compounds in complex metabolite mixtures. Many metabolomics groups use 2D NMR in some situations [19] , whereas others rely almost exclusively on 2D NMR experiments for the accurate and comprehensive identification of metabolites.
A recent development in NMR-based metabolite identification has been the introduction of customized metabolomics databases for 2D NMR experiments that increased the accuracy of metabolite identification significantly [20] Another key challenge of NMR-based metabolomics is the accurate quantitation of metabolites. Although, in principle, analysis of a standard 1D 1 H NMR spectrum provides the simplest and most accurate concentration determination, in practice, peak overlaps prevent this approach for many metabolites. The problem can be reduced by measuring at higher magnetic field strength, for example at 700 MHz and above, which at the same time also improves sensitivity. Another way of resolution enhancement is to eliminate homonuclear protonproton scalar J-couplings using 'pure shift' methods, which result in narrow peaks without multiplet splittings [25, 26] . However, these methods typically come with a significant loss in sensitivity and, hence, are limited to some of the more abundant metabolites. Finally, 2D NMR spectroscopy [27] can be employed providing access to resolved cross-peaks of most or all mixture compounds. However, since magnetization transfers during the 2D J-correlation experiments depend on the precise J-coupling constants and relaxation properties of each compound, the quantitative character of these experiments becomes somewhat distorted. These issues can be largely overcome by using reference 2D NMR spectra for each compound or methods that allow one to subtract the mixing time effects, as is the case in the HSQC 0 approach [28] . Alternatively, one can use experiments that are relatively immune to small variations in J-coupling constants as was shown for 13 C- 13 C CT-TOCSY of uniformly 13 C-labeled mixtures [29] provided that the carbon-backbone topology is known, which can be readily extracted from the same 2D NMR experiment [30] or from an Incredible Natural Abundance Double Quantum Transfer Experiment (INADEQUATE)-type experiment [31] . A main limitation of 2D NMR is the need for longer measurement times. Recent advances in nonuniform sampling and reconstruction techniques [32] along the indirect dimension(s) can considerably shorten the NMR time, provided that one is not limited by overall sensitivity. The same applies also to ultrafast NMR methods. These developments start to find applications in NMR-based metabolomics [33] . In order to address the sensitivity limitation, dynamic nuclear polarization techniques are being developed, which can also be used to 'illuminate' and monitor selected metabolites and their conversions in real time along biochemical pathways in living cells and organs [34] .
COMBINING NUCLEAR MAGNETIC RESONANCE WITH MASS SPECTROMETRY
The selection of the instrumental technique for a particular metabolomics study depends on multiple factors, including the accessibility to instrumentation, the specific questions at hand, and the training and background of the scientists involved. Although the use of both NMR and MS methods is becoming increasingly popular, in the majority of these studies the two methods are used essentially independently from each other. Only at the end, the metabolites identified by each method are compared with the goal to increase the total number of detected metabolites in complex mixtures as some metabolites show up only in one of either technique. This strategy is straightforward, but does not fully capitalize on the complementary strengths of these two analytical approaches when the two datasets stem from the same sample. Therefore, metabolomics scientists have started exploring new ways to combine NMR with MS for high-accuracy metabolite identification and quantitation as well as for the accurate analysis of biochemical pathways. Currently, nuclear magnetic resonance/mass spectrometry (NMR/MS) approaches can be classified into five different categories, namely hardware-based, chemical-modification-based, statistics-based, stable isotope-based, and combinatorial cheminformatics-based NMR/MS approaches.
'Hardware-based NMR/MS approaches' physically connect NMR and MS instruments, as is the case for commercially available LC-MS-NMR instruments that are primarily used for structure elucidation of unknown compounds. Chemicalmodification-based NMR/MS approaches, in general, introduce chemical agents into samples that interact with certain types of metabolites and make their signals more visible in both NMR and MS spectra. Recent examples are 15 N-labeled agents that selectively and covalently attach to carboxyl [35] and carbonyl [36 & ] group containing metabolites. This makes signals of these metabolites directly visible in 2D 15 N-1 H HSQC NMR spectra as well as in mass spectra because of the introduction of a permanent charge, thereby linking NMR and MS signals of the modified metabolites. 'Statistics-based approaches' integrate NMR and MS by means of multivariate statistical analysis applied to a large number of samples [37, 38] . Recently, it was shown that multivariate statistics of combined NMR and MS datasets of metabolomics samples provide better separation of groups and greater levels of model interpretability as compared with multivariate statistics applied to NMR or MS datasets alone [39 & ]. 'Stable isotope-based methods' are used for the accurate analysis of isotopomer/isotopologue patterns of isotopically labeled metabolites, which report about the activity of selected biochemical pathways in response to biological perturbations [15] .
Most recently, two 'combinatorial cheminformatics-based NMR/MS approaches' have been introduced for the rapid and accurate identification of metabolites, which are the 'NMR/MS Translator' and 'SUMMIT MS/NMR'. The NMR/MS Translator approach (Fig. 1a) combines NMR and accurate MS data of the same metabolomics sample providing fast and highly accurate identification of catalogued, i.e. known metabolites [40 & ]. The SUMMIT MS/NMR approach (Fig. 1b) , on the other hand, combines NMR and accurate MS data for high-throughput structure elucidation of unknown metabolites [41 & ]. In the following, we briefly describe both of these approaches.
The NMR/MS Translator first identifies metabolite candidates from 1D or 2D NMR spectra by NMR database query, which is followed by the determination of the masses (m/z) of all of their most likely ions, adducts, and characteristic isotope distributions. The expected m/z ratios are then compared with the MS 1 spectrum for the direct assignment of those signals of the mass spectrum that correspond to the metabolites identified in the NMR spectra (Fig. 1a) . In this way, the MS and NMR spectra can be rapidly assigned in a fully automated manner. Furthermore, since chemical shift and accurate mass data were co-analyzed, it increased the accuracy of metabolite identification as compared with separate studies by NMR and MS alone [40 & ]. The NMR/MS Translator was applied to human urine by combining 13 C-1 H HSQC with direct infusion ESI-MS spectra. It was able to identify for 88 metabolites consistent signals in both NMR and MS spectra, which compares favorably even to some of the most extensive studies reported on the same type of sample also using both NMR and MS [40 & ]. The NMR/MS Translator synergistically uses the power of NMR and MS to enhance the accuracy and efficiency for the identification of metabolites, but only for those metabolites that have already been compiled in databases. Hence, the NMR/MS Translator is not designed for the discovery of new metabolites. Although excellent progress has been made in expanding databases with more metabolites, a large fraction of metabolites contained in many samples is still unknown. Traditionally, identification of unknown metabolites requires their isolation through time-consuming purification from complex mixtures by using chromatographic separation techniques, followed by extensive characterization by NMR, MS, X-ray, and other techniques. The utility of the traditional approach is limited in the context of high-throughput applications, because . The approach, which also combines NMR and MS data, first extracts accurate masses of all detected metabolites from high-resolution mass spectra and generates all structures consistent with the derived chemical formulas. The comparison of the predicted NMR spectra of all candidate structures with the experimental NMR spectra of the same sample permits accurate identification of the structures present in the complex mixture of interest (Fig. 1b) . This combined MS/NMR technology was applied to an Escherichia coli cell extract, where it correctly identified a wide range of different types of metabolites [41 & ]. The results suggest that SUMMIT MS/NMR should become suitable for highthroughput applications for the discovery of new metabolites in biological and biomedical mixtures overcoming the need for experimental MS and NMR metabolite databases or extensive metabolite purification for the elucidation of the structures of unknown metabolites.
CONCLUSION
Metabolomics is a rapidly expanding and highly promising discipline with many powerful applications in clinical and nutritional research. Recent advances to address two of the key challenges in metabolomics research have been reviewed here concerning the accurate identification and quantitation of all metabolites present in a biological system with focus on the combined use of NMR and MS techniques. Easy accessibility to high-end NMR and MS hardware allows co-measurements of samples using both techniques and permits the use of the data in new synergistic ways for the more comprehensive and more accurate identification of metabolites in complex metabolomics mixtures. This is likely to promote discovery and profiling of an ever larger number of unique metabolites and thereby provides a progressively complete picture of metabolism in many different living systems.
